Abstract Experimental investigations on the vacuum outgassing of a carbon nanotube (CNT) cathode with high-intensity pulsed electron emission on a 2 MeV linear induction accelerator injector are presented. Under the 1.60 MV diode voltage, the CNT cathode could provide 1.67 kA electron beam with the amount of outgassing of about 0.51 Pa·L. It is found that the amount of outgassing, which determines the cathode emission current, depends on the diode voltage and the vacuum.
Introduction
Carbon nanotube (CNT) is one of the most outstanding field emission materials because of its unique properties such as nanometer scale, high aspect ratio, superb mechanical strength, excellent conductance, and high thermal and chemical stability [1−6] . Applications of CNTs as field emission cathodes in field emission display [7] , X-ray source [8] , electron source [9] , etc., have been widely investigated. The previous studies were focused on the fabrication, growth mechanism, application, and so on, especially in the CNT's field emission display including field emission property and life time. In our study, we have investigated the CNT's vacuum outgassing behavior during the plasma-induced field emission (PFE), which is different from the explosive electron emission [10] . During the PFE process, the neutral gases which are desorbed from the cathode are ionized to form cathode plasma [11, 12] . Thus, the study on vacuum outgassing behavior of carbon nanotube cathode with high-intensity pulsed electron emission has great significance.
In this paper, we report the vacuum outgassing behavior of a large area CNT cathode with high-intensity pulsed electron emission on a 2 MeV linear induction accelerator (LIA) injector, including the property of cathode plasma emission, the measurement method, and the influence of the diode voltage and the vacuum on the outgassing.
Experimental setup
The 2 MeV LIA injector generates a maximum 2 MV, ∼100 ns (FWHM) induction pulsed high voltage to diode with 10 cm anode-cathode gap [13] . A vacuum equipment, including the vacuum pre-pump consists of a mechanical pump and a Lodz pump, and six turbomolecular pumps, provides an effective pumping speed of 3760 L/s for the vacuum chamber with volume of about 1550 L. During the experiments, pressure and outgassing are measured using an ionization vacuum gauge (IVG) mounted on the wall of vacuum chamber. The distance of IVG to diode centerline is ∼1 m. The vacuum chamber's base vacuum pressure is kept within the range of 1.7×10 −4 -7.0×10 −4 Pa. The cathode emission current I k is measured by a sampling resistor inside the cathode. The multi-walled CNT is synthesized by thermal chemical vapor deposition process [14] . The large area CNT film cathode is fabricated by screenprinting and dip-coating. Fig. 1 shows the schematic diagram of the experimental setup and the photo of CNT film cathode. A measurement method of the outgassing is introduced in our previous study [15, 16] . The IVG is used to monitor pressure of the vacuum chamber. According to the pressure changing, we can calculate the amount of outgassing
where ∆Q (t) is the amount of outgassing within unit of Pa·L; p 0 is the base vacuum pressure, p t is the instantaneous pressure in the unit of Pa after discharging, and S e is the vacuum equipment's effective pumping speed in L/s. Under the condition of molecular flow, the effective pumping speed is given by
where S p is the pumping speed of the vacuum equipment, and C t is the conductance of vacuum tube. Fig. 2 shows the waveform of the vacuum pressure under 1.60 MV diode voltage. It is found that the increase in the background pressure up to 3.60×10 −4 Pa from 2.70×10 −4 Pa, and that the recovery time of the pressure is ∼2 s [17] . It seems that the CNT cathode limits the maximal possible continuous repetition rate of the generator operation up to ∼0.5 Hz. But a higher repetition rate could be tolerated under most of circumstances. Moreover, the amount of outgassing can easily be estimated to be 0.51 Pa·L by numeric integration of Eq. (1). The ratio of outgassing atoms and electrons (η = N a /N e ) is roughly calculated to be 153 atoms per electron. Usually, the ratio of outgassing atoms and electrons is a function of diode voltage and vacuum pressure. This is a large outgassing atoms per electron which indicates that the cathode plasma is weakly ionized [14] . The waveforms of the 1.60 MV diode voltage and 1.67 kA cathode emission current are shown in Fig. 3(a) . For the large area CNT cathode, there is a self-field shielding effect on cathode surface as a result of dense CNT micro tips (MTs) [18] . The field emission process could not provide highintensity current in this situation. In our experiments, the thousands of amps cathode emission current only come from cathode plasma emission. The luminescence of plasma emission process is observed by a charge coupled device (CCD) camera, as shown in Fig. 3(b) . It is obvious that some luminescent zones appear on the CNT cathode surface. The luminescent zones become the emission position, and the emission position should be local enhancement of CNT cathode. According to the experimental data statistics, a positive correlation is found between the cathode emission current and the brightness and area of the luminescent zones. In conclusion, the high-intensity electron emission mechanism of CNT cathode is the PFE [14, 19] , the CNT's outgassing makes it possible for the plasma emission. 
Effect of diode voltage on the outgassing
As the ∼1.5 MV high voltage with pulse duration 100 ns is loaded on the CNT cathode, the electric field makes the CNT MTs become local enhancement. A large field enhancement factor β (β = E local /E average ) appears around MT. This means that the pulsed highvoltage is loaded on the CNT cathode and the local field strength is greater than the average field strength by hundreds of times. The CNT MTs could strongly emit electrons from the sharper apex, which follows the field emission law. With the field emission current flowing through the MT, the MT would be self-Joule heated by the field emission. In P. Vincent's study [20] , the self-Joule heating of individual CNT is up to 2000 K during field emission for ∼2 µA current. The rise in MT's temperature can be estimated using the formula
where m is the mass of MT heated by the field emission current and χ is its specific heat, and dQ/dt is the selfJoule heating power given by dQ/dt = I 2 R with field emission current I. As the MT's temperature rises, a multitude of gases absorbed in the CNTs produce desorption process during the field emission. The desorbed gases are ionized under the pulsed electric field, which makes the cathode plasma form on the CNT cathode surface as shown in Fig. 3(b) , and then we will extract a space-charge limited electron flow from the cathode plasma if the diode voltage is high enough. As mentioned in Ref. [21] , the excess electron currents lead to ionization of the desorbed neutrals. The emission current density j e during the pulse is given by the one dimensional Child-Langmuir law
where e/m e is the charge-to-mass ration of the electron (e/m e = 1.76×10 11 C/kg), d is the anode-cathode gap, ε 0 is the relative dielectric constant in vacuum (ε 0 =8.85×10
−12 F/m). In the above analysis, the outgassing plays an important role during the PFE. Actually, the outgassing is only a transient intermediate. When the diode voltage is loaded on the CNT cathode, the absorbed gases become the outgassing, and then the outgassing is quickly ionized. After the electron emission is completed with vanishing diode voltage, the ions in plasma recombine with the electrons from ground current. As we can see from the ratio of outgassing atoms and electrons, a multitude of gases are not involved in the ionization process. Thus, these gases that are measured by IVG should consist of non-ionized and recombination gases. Fig. 4(a) shows the effect of diode voltage on vacuum pressure. Fig. 4(b) shows the relationship between the outgassing and diode voltage. The outgassing is an increasing function of diode voltage. The higher voltage can make the CNT MT's temperature rise notably, and then the amount of outgassing becomes more as the MT's temperature goes up. The relationship with the amount of outgassing and cathode emission current is shown in Fig. 4(c) . The more the amount of outgassing, the larger the cathode emission current is. Accordingly, the outgassing and cathode emission current can be enhanced by increasing the diode voltage.
As shown in Fig. 5 , the CCD images show more obviously the effect of diode voltage on plasma emission. Under the 1.41 MV diode voltage, the luminescent zones only locate on the cathode's upper and lower.
However, as the diode voltage is increased to 1.60 MV, the luminescent zones almost expand to the entire cathode surface. The cathode plasma becomes uniform and plasma emission is also enhanced. It means that more absorbed gases become outgassing which is involved in the PFE process. More data about effect of diode voltage are shown in Table 1 . 
Effect of vacuum on the outgassing
There is a significant vacuum change as the pulsed high-voltage is loaded on the cathode. And the vacuum outgassing process may cause deterioration of the background pressure. Fig. 6 shows the effects of vacuum condition on the outgassing and cathode emission current. As shown in Fig. 6(a) Fig. 6(b) . The CNT cathode under lower vacuum has larger cathode emission current than that under higher vacuum. Table 2 shows more data about the effects of vacuum pressure. Table 2 . Effects of vacuum on cathode emission current and outgassing: p is the vacuum pressure, and jCL is the space-charge limited current density 2 . Actually, in the vacuum condition, the dynamic process of adsorption -desorption is progressing continuously between the CNTs and vacuum chamber. With higher vacuum, the amount of exchanging gases becomes less, which causes less outgassing and affects the cathode emission current. The experimental result indicates that there exists an obvious influence of vacuum on the outgassing and cathode emission currents. Therefore, the outgassing plays an important role during the PFE. And the cathode plasma is generated from the gases absorbed in the CNTs, which depends on the vacuum. During the high-intensity pulsed electron emission of CNT cathode, there is not only field emission, but also accompanied process of plasma emission.
Conclusions
In this study, the vacuum outgassing behavior of CNT cathode with high-intensity pulsed electron emission has been investigated on a 2 MeV LIA injector. We have measured the amount of outgassing by an experimental method. The effects of diode voltage and vacuum on outgassing are analyzed in this paper. In the experiments, the amount of outgassing is 0.51 Pa·L under 1.60 MV diode voltage, which could provide 1.67 kA cathode emission current. The amount of outgassing is determined by the diode voltage and dependent on the vacuum, which determines the cathode emission current. In conclusion, during the highintensity pulsed electron emission process, there occurs accompanied vacuum outgassing, and the outgassing plays an important role for the electron emission capacity of CNT during the process.
